Introduction
Discerning the mechanisms governing gene flow between populations is essential for understanding evolutionary histories and implementing sustainable management practices for marine species (Sá-Pinto et al., 2012) . In contrast to terrestrial species, marine organisms are usually expected to show very low geographic genetic variation due to the lack of obvious barriers to dispersal and the existence of pelagic larvae in many species (Palumbi, 1992) . However, during the past few decades, significant genetic differentiation among populations has been described for marine organisms across surprisingly small geographic distances, even for species with pelagic larvae (Liu et al., 2007; Han et al., 2008 Han et al., , 2012 Zhan et al., 2009; Shen et al., 2011) . Several mechanisms may explain how population structure can evolve in a marine environment without any obvious physical barrier to gene flow as reviewed by Hansen et al. (2007) . Various factors, including historical vicariance, oceanography, bathymetry, environmental parameters, habitat discontinuities, and the mobility of marine species in different developmental phases, can affect the extent of geographic genetic differentiation and population dynamics (Collin, 2001; Nielsen and Kenchington, 2001; Liu et al., 2007 Liu et al., , 2012 Ni et al., 2012) .
Over the past 20 years, the Northwestern Pacific Ocean has been the focus of much phylogeographical research. More than 40 genetic studies using allozymes, microsatellite DNA markers, and DNA sequence analysis of mitochondrial DNA (mtDNA) have examined fish, crustacean, and mollusc populations (reviewed in Shen et al., 2011; Ni et al., 2014) . To summarize these studies, changes in sea level and climate during the Pleistocene glaciations, which established physical barriers to gene flow, have been proposed as the main factors affecting the present population structure of marine organisms in the Northwestern Pacific (Liu et al., 2007; Ni et al., 2014) .
In addition, ocean currents also play an important role in shaping genetic structure in this region . The main current systems in the Yellow Sea and East China Sea are the Kuroshio Current and the Coastal Current; both of them are characterized by cyclonic circulation (Figure 1 ; E Naimie et al., 2001; Yuan et al., 2008; Wei et al., 2011) . The major currents along China's coast are the Yellow Sea Coastal Current and the China Sea Coastal Current (Wei et al., 2011) . Previous studies revealed that the current patterns in Yellow Sea and East China Sea facilitated the dispersal of marine larvae between distant populations of marine organisms (Liu et al., 2007; Han et al., 2008; Song et al., 2010) . In addition to major currents, there are some local gyres in nearshore waters along China's coast in the Yellow Sea (Wei et al., 2011) . For example, the local current in the area shallower than 30 m called Subei Coastal Current is to the north in the southern Yellow Sea (Liu, 2006; Liu and Hu, 2009; Wei et al., 2011) . Current measurement and traces of drift bottles and drift cards showed the existence of a mesoscale anticyclonic eddy offshore of Qingdao-Shidao Figure 1 . The study area depicting sample locations and a schematic map of summer currents. Shaded sea areas are continental shelves that would have been exposed during periods of low sea level. Ocean currents are shown: 1, 5 Yellow Sea Coastal Current (1, also called the Lubei Coastal Current); 2, mesoscale anticyclonic eddy offshore of Qingdao -Shidao; 3, Lunan Coastal Current; 4, Subei Coastal Current; 6, China Sea Coastal Current; 7, Taiwan Warm Current; 8, Yellow Sea Warm Current; 9, Kuroshio Current; 10, Tsushima Current. (Xu and Zhao, 1999) . This local marine gyre along Shandong Peninsula in the Yellow Sea may cause larval retention and may be responsible for genetic differentiation of Zhikong scallop Chlamys farreri in the Yellow Sea (Zhan et al., 2009) . Whether local gyres affect the genetic structure of other coastal marine organisms in the Yellow Sea has not yet been reported.
Another dominant factor affecting hydrographic patterns is the Yangtze River outflow, a possible physical barrier limiting gene flow of coastal species in the region. The outflow from the Yangtze River, the major river in the Northwestern Pacific with an average annual discharge of 8 961 011 m 3 (Fang et al., 2011) , influences surrounding ocean currents (Beardsley et al., 1985) and consequently, limits the dispersal of planktonic larvae. It acts as a barrier to the genetic connectivity of some marine species (Dong et al., 2012) , and therefore plays an important role in the biogeographic pattern of coastal species communities.
The Asian paddle crab, Charybdis japonica, is a swimming crab native to East Asia and is normally found in the coastal waters of China, Japan, and Korea . It typically inhabits estuaries with firm sand or muddy fine sand bottoms. Crabs usually spawn when sea temperature reaches between 20 and 288C (Wang et al., 1996) . Females lay an average of 85 000 eggs per brood and may produce multiple broods in a single year (Wang et al., 1996; Yu et al., 2005) . The length of the pelagic larval stage is 4 weeks (Yu et al., 2005) , during which time they may be dispersed large distances by tides and currents. From the apparent potential for long distance larval dispersal of C. japonica, a high level of gene flow might be expected between distant populations. The study area has experiences glacial cycles, which caused population isolation and generated distinct lineages in mtDNA (reviewed in Shen et al., 2011) . However, high dispersal ability might offset the genetic divergence caused by historical events and only leave a signal of population expansion . Due to these aspects of the biology of C. japonica, a series of questions can be addressed: is there any geographical differentiation or unique genetic structure in this species at a fine geographical scale in the Yellow Sea, East China Sea, and adjacent areas? If geographic differentiation or genetic structure is present, which factors (historical events, local current gyres, or the Yangtze River outflow) might drive differentiation at such a fine geographical scale? The distribution and biological characteristics of C. japonica make it a good subject to test the role of historical events, local ocean currents, and the Yangtze River discharge in affecting the present genetic connectivity between populations. Directly measuring larval dispersal is often impossible (Weersing and Toonen, 2009 ). The semisedentary life of adults (Yu et al., 2005) , coupled with eggs attached to females during fertilization and a pelagic larval stage, also provides an excellent opportunity to investigate the dispersal potential of larvae and its implications for the genetic structure of C. japonica.
Material and methods

Sampling and sequencing
The samples consisted of 169 individuals from nine sampling localities from the Yellow Sea, East China Sea, Bohai Sea, and the Sea of Japan, collected during 2010-2013 (Table 1 and Figure 1 ).
Samples were preserved in 70 -90% ethanol before DNA extraction. Genomic DNA was isolated from the muscle of the first pereiopod of each crab by proteinase K digestion followed by a standard phenol -chloroform extraction method. A universal primer set (LCO1490, HCO2198) was employed for polymerase chain reaction (PCR) amplification of the target mtDNA cytochrome oxidase subunit I (COI) gene fragment (Folmer et al., 1994 MgCl 2 . The PCR amplification was carried out in an Eppendorf Mastercycler 5331 under the following conditions: 3 min initial denaturation at 948C and 40 cycles of 45 s at 948C for denaturation, 30 s at 508C for annealing, and 45 s at 728C for extension, and a final extension at 728C for 10 min. All sets of PCR included a negative control in which all reagents were included, except template DNA. PCR products were purified with a Gel Extraction Mini Kit (Watson BioTechnologies Inc., Shanghai, China). The purified product was then used as the template DNA for cycle sequencing reactions performed using the BigDye Terminator Cycle Sequencing Kit (ver. 2.0, PE Biosystems, Foster City, CA, USA), and sequencing was conducted on an ABI Prism 3730 (Applied Biosystems) automatic sequencer with both forward and reverse primers. 
Data analysis
Sequences were edited and aligned using DNASTAR software (DNASTAR, Madison, WI, USA). The accuracy of COI sequences was confirmed by translating the nucleotide data to amino acid sequences. Molecular diversity indices, such as the number of haplotypes, polymorphic sites, transitions, and transversions, were obtained using ARLEQUIN v2.0 software (Schneider et al., 2000) .
Haplotype diversity (h), nucleotide diversity (p), and their corresponding variances were calculated following Nei (1987) , as implemented in ARLEQUIN. Nucleotide sequence evolution models were evaluated using likelihood-ratio tests implemented by MEGA V.5.0 (Tamura et al., 2011) . Genetic distances were generated for cluster analysis with MEGA V.5.0 using the T92 + G model (Tamura, 1992) . Among site rate, heterogeneity was corrected with the shape parameter of the gamma distribution, which reflects different relative mutation rates among different sites in a sequence. The neighbour-joining tree was constructed using haplotype data in MEGA (Saitou and Nei, 1987) , and nodes in the tree were evaluated with 1000 bootstrap replicates (Felsenstein, 1985) . In addition, genetic relationships were examined by constructing haplotype networks using reduced median-network approach (Bandelt et al., 2000) in ARLEQUIN.
Population genetic structure was evaluated with F ST statistics and analysis of molecular variation (AMOVA; Excoffier et al., 1992) , which were all performed in ARLEQUIN. Because the T92 + G model given by MEGA is not available in ARLEQUIN, genetic distances between haplotypes were corrected for multiple hits using the Tamura and Nei (1993) model (the best fit model available in ARLEQUIN), with a g shape parameter equal to that (G ¼ 0.05) given by MEGA 5.0. The significance of F ST was tested by 10 000 permutations. For AMOVA, the nine populations were divided into three tentative groups suggested by spatial analysis of molecular variance (SAMOVA), the north group (Dongying, Shidao, and Qingdao), south group (Rizhao, Ganyu, Shanghai, Zhoushan, and Wenzhou), and Korea group (Yeosu). To investigate patterns of genetic subdivision, we applied SAMOVA (Dupanloup et al., 2002) . Using the computer program SAMOVA 1.0 (http:// cmpg.unibe.ch/software/samova/), we performed analyses based on 100 simulated annealing steps and examined maximum indicators of differentiation (F CT values) when the program was instructed to identify K ¼ 2 through K ¼ 6 partitions of the sampling areas. The statistical significance was assessed by 1000 permutations.
To test for isolation by distance (IBD), pairwise values of F ST were plotted against geographical distances (assuming a onedimensional stepping-stone model) between sample sites. The strength and significance of the relationship between genetic distances and geographic distances were assessed using reduced major axis regression and Mantel tests using IBDWS (Isolation by Distance Web Service at http://ibdws.sdsu.edu/~ibdws/; Mantel, 1967; Bohonak, 2002; Jensen et al., 2005) . Geographical distances between samples were measured following the coastline.
The historical demographic patterns of C. japonica were examined by two approaches. First, the D test of Tajima and F S test of Fu were used to test for neutrality (Tajima, 1989; Fu, 1997) . Significant negative D and F S statistics can be interpreted as signatures of population expansion or selective hitchhiking (Rand, 1996) . A positive value indicates either balancing selection or secondary contact among previously isolated lineages. Possible historical demographic expansions were also investigated by examination of the frequency distribution of pairwise differences between sequences (mismatch distribution), which produces three parameters: u 0 , u 1 (u before and after the population growth), and t (time since expansion expressed in units of mutational time; Harpending, 1994) . The concordance of the observed with the expected distribution under the sudden expansion model of Rogers and Harpending (1992) was tested by a least-squares approach. Both mismatch analysis and neutrality tests were performed in ARLEQUIN.
Results
A 658-bp segment of the COI gene was sequenced from 169 individuals from populations revealing 14 haplotypes. All haplotype sequences were deposited in GenBank, with accession number KM377973-KM377986. Sequence comparisons revealed 14 polymorphic sites (2 parsimony informative) with 11 transitions, 4 transversions, and no indels. The best fit for the COI data was the T92 + G model. The g distribution shape parameter was 0.05, indicating low mutation rate heterogeneity among sites in C. japonica.
The number of pairwise differences between haplotypes ranged from 1 to 4. The genetic variation of mtDNA COI gene in nine populations was low, giving an overall haplotype diversity of 0.260 + 0.044 and nucleotide diversity of 0.0005 + 0.0005 (Table 1) . Haplotype diversity (h) among populations varied from 0 (Zhoushan, Shanghai) to 0.628 + 0.124 (Qingdao), while nucleotide diversity ranged from 0 (Zhoushan, Shanghai) to 0.0016 + 0.0012 (Qingdao). The three populations (Dongying, Shidao, and Qingdao) in the north group and Yeosu population in the Sea of Japan had relatively high genetic variation compared with the populations in the East China Sea.
The distribution of haplotypes among nine populations was shown in Table 2 . Among the 14 haplotypes, only three haplotypes (H1, H2, and H6) were shared among populations ( Table 2 ). The network of haplotypes was star-like with a dominant haplotype (H1; Figure 2 ). All other haplotypes differed from H1 by only one to three mutations. The dominant haplotype H1 was found in all the populations, which was shared by 86.40% (146/169) of individuals. The proportion of haplotype H1 in all the populations ranged from 61 to 100% and declined along the Chinese coast from south to north (Figure 2, Table 1 ). Besides the frequency of H1, there was also a geographic trend for the frequency of haplotype H2 (Figure 2 ). Haplotype H2 was detected in only the populations of Rizhao, Qingdao, Shidao, and Dongying, indicating H2 was an important private haplotype in these populations. The proportion of H2 declined along the Shandong Province coastline from north to south (22.22 -5.56%). The proportion of haplotype H1 in the Yeosu sample was 76.92%, similar to the frequencies in three northern populations, but haplotype H2 was absent in this population. Haplotype relationships based on an NJ tree revealed no significant genealogical branches or clusters of samples corresponding to sampling locality (see Supplementary Appendix S1).
Pairwise F ST values between nine populations ranged from 20.008 to 0.201, and most F ST values between north and south group localities were significant except 6 (Table 3 ). The Yeosu population was significantly differentiated from the Dongying, Yangtze River estuary (Shanghai), and Zhoushan populations. The largest genetic differentiation occurred between Dongying and Zhoushan populations (F ST ¼ 0. 201, p ¼ 0.031). None of the pairwise F ST values between populations within the south and the north groups was significant. The results of SAMOVA indicated significant population genetic structure for each assumed number of groups, from 2 to 6 (p , 0.05 in each case), but differentiation among groups (F CT ) was highest with three groups (Table 4) . Thus, our analysis suggested the presence of three groups of maximally differentiated sampling areas (Figure 2 ). The component of groups was shown in Table 1 . The AMOVA for three groups (north group, south group, and Korea group) showed that a small but significant component of genetic differentiation (7.01%, p ¼ 0.002) was found among groups, supporting the separation of three groups (Table 4) . The proportion of genetic diversity among populations within groups showed negative value (21.04%), which indicated an absence of population genetic structure or that more alleles are shared between rather than within populations (Roesti et al., 2012 ). An additional AMOVA for two groups (north group and south group) also showed a small but significant proportion of genetic variation (6.86%, p ¼ 0.02) between the north and south groups.
The Mantel test indicated a significant relationship (R 2 ¼ 0.650, p , 0.001) between F ST and geographic distance among the nine populations, indicating IBD, with coastal geographic distance explaining 65% of the variation in genetic differentiation between populations (r ¼ 0.806; Figure 3) . However, when the north group and south group were analysed separately, no significant correlation was observed within either group (p . 0.05).
Two analyses provided insight into the demographic history of C. japonica. The Tajima (1989) and Fu's (1997) Table 5 ). When each group was analysed separately, both groups showed significant negative values (Table 5) . Therefore, the hypothesis of neutrality was rejected. Significant negative D and F S statistics can be interpreted as signatures of population expansion or selective hitchhiking (Rand, 1996) . Mismatch distributions for C. japonica were unimodal, matching the sudden Total  H1  14  13  11  16  16  21  22  23  10  146  H2  4  2  2  1  -----9  H3  --------1  1  H4  --------1  1  H5 - Figure 2 . Network, haplotype percentages for H1, H2, and other haplotypes, and genetic barriers for populations of C. japonica. In each circle, blue, red, and white represent the proportions of H1, H2, and other haplotypes, respectively. The sizes of circles are proportional to haplotype frequency. Perpendicular tick marks on lines joining haplotypes show number of nucleotide substitutions. The dashed ellipses indicated the north and south groups. The range of percentage for H1 within two groups was also shown in dashed ellipses. Red solid lines were added on map to show the genetic barrier detected by SAMOVA.
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expansion model (Figure 4 ). This interpretation was also supported by Harpending's Raggedness index and SSD values (Table 5) . Therefore, the hypothesis of sudden population expansion could not be rejected in every case analysed. The t value provides a rough estimate of the time when rapid population expansion started. The observed values of the age expansion parameter (t) were 0.65 and 3 U of mutational time for the north and south groups, respectively.
Discussion
Strong dominant haplotype (H1) frequency changes among populations suggest limited genetic exchange between populations of C. japonica. The AMOVA showed a small, but significant, level of genetic variation among three groups, especially between the south and north groups. The discovery of marked geographical structure in C. japonica indicates evidence of barriers to gene flow within the study area. The occurrence of genetic differentiation in a species indicates limited dispersal over both contemporary and historical time-scales (Palumbi, 1994) . In C. japonica, dispersal of larvae may be prevented by ocean current patterns. Reproduction of C. japonica usually occurs in summer (Wang et al., 1996) . In northern Zhejiang, China, C. japonica reproduces twice each year from April to May and from August to September, and on the Shandong coastline, it breeds during June and July (Wang et al., 1996) . The length of the pelagic larval stage for C. japonica is 26 -29 d. Previous studies revealed the importance of the Yellow Sea Coast Current in connecting populations between the East China Sea and the Yellow Sea by transporting larvae (Han et al., 2008; Song et al., 2010) . However, simulation studies of larval movement in coastal species as passive particles show that larval transport may be strongly affected by local eddies and current reversals (Lee et al., 1992) . In the Florida Keys, the occurrence and duration of local gyres, which matched the planktonic stage of fish and slipper lobster larvae, provided mechanisms for larvae retention and local recruitment (Lee et al., 1992 (Lee et al., , 1994 Lee and Williams, 1999) .
Populations from Shidao to Shanghai are influenced by three local coastal currents (Subei Coastal Current, Qingdao-Shidao mesoscale anticyclonic eddy, and Lunan Coastal Current; Xu and Zhao, 1999; Liu, 2006) . The Subei Coastal Current might transport larvae from the Yangtze estuary to Hiazhou Bay, connecting populations of Shanghai, Ganyu, and Rizhao. The Qingdao-Shida mesoscale anticyclonic eddy, combined with Lunan Coastal Current, might transport the larvae from Qingdao to Shidao. Two local currents (the Qingdao-Shidao mesoscale anticyclonic eddy and the Subei Coastal Current) might form a seasonal barrier surrounding Haizhou Bay in summer. This seasonal barrier may, therefore, isolate the unique haplotype (H2) in the north group as larvae with this haplotype would be unable to disperse southward to Haizhou Bay. Although the distance between populations Qingdao and Ganyu is only 150 km, surprisingly, these two populations showed different genetic make-up. Considering the haplotype frequencies among samples, the Rizhao and Ganyu populations may be genetically intermediate between the Dongying/Shidao/Qingdao and the Shanghai/Zhoushan/Wenzhou samples. Interestingly, significant divergence around Haizhou Bay was reported for Zhikong scallop (Ch. farreri; Zhan et al., 2009) . The Haizhou Bay was transition zone between the north and south groups. Based on genetic barrier predictions, the local marine currents could be responsible for the surprising difference between these two groups. This finding suggests the effect of the local coastal current gyre should not be ignored in explaining the genetic structure of marine organisms which exhibit inshore spawning.
The genetic break between the north group and south group was also supported by a strong IBD pattern (Figure 3 ). However, no IBD pattern was detected within the north group or the south group, and the overall pattern appeared to be a result of between-group differentiation at larger distances. Ocean currents within groups might facilitate the dispersal of larvae between populations within groups and erode the genetic differentiation between adjacent populations. Therefore, coastal distance itself appeared not to be a major factor to restrict gene flow among samples.
Previous studies revealed that outflow from the Yangtze River limited dispersal of planktonic larvae and acted as a barrier for genetic connectivity of some species, including the gastropod Cellana toreuma (Dong et al., 2012) , the bivalve Cyclina sinensis (Zhao et al., 2009) , and two varieties of Sargassum (Cheang et al., 2010) . Surprisingly, the barrier effect of the Yangtze River outflow was not observed for C. japonica in this study. This euryhaline species may be adapted to the substantially lower salinity around the Yangtze River estuary (Dong et al., 2012) and may maintain gene exchange between populations on both sides (Figures 1 and  3) . Similarly, no significant barrier effect of the Yangtze River outflow was revealed in the bivalve Cy. sinensis (Ni et al., 2012) . Thus, the river seems to affect some, but not all invertebrate species, depending on differences in biological characteristics, such as PLD, salinity tolerance, and habitat specificity (exposed or sheltered shores).
Besides ocean currents, the genetic diversity of C. japonica was also influenced by historical factors. The northwestern (NW) Pacific is characterized by marginal seas, which were particularly impacted by Pleistocene glacial cycles (Wang, 1999) . As a consequence, seascape dynamics of the region are believed to have profoundly influenced both intraspecific genetic diversity and species diversity of marine organisms. This hypothesis has been discussed by recent phylogeographic investigations in the NW Pacific area (reviewed in Shen et al., 2011; Ni et al., 2014) . The genetic diversity of C. japonica was characterized by low values of haplotype diversity and nucleotide diversity. A dominate haplotype (H1) was found to be ubiquitously distributed in all the studied populations of C. japonica. These findings indicate a recent population bottleneck or founder event by single or a few mtDNA lineages (Grant and Bowen, 1998) . Both the neutrality tests and the mismatch distribution analysis indicated population expansion in this species. Furthermore, the star-like median network of C. japonica is also consistent with a population expansion. Although no mutation time for COI was applied in this study, the mismatch distribution analysis gave the relative expansion time for the north group (t ¼ 0.65 U) and the south group (t ¼ 3 U)), indicated later expansion in the north group. The late population expansion time in north might reflect the new establishment in the north group, which was consistent the direction of seawater intrusion. Our results revealed significant genetic differentiation among C. japonica populations. One seasonal barrier to gene flow was detected in the Yellow Sea, which was caused by local current gyres in summer, preventing larval dispersal. This study emphasizes the importance of local current gyres in shaping the genetic structure of marine species with inshore spawning. Our results have important implications for fisheries management of this species in China. However, the genetic status of three groups will need to be confirmed by other DNA markers with faster evolution to detect contemporary gene flow.
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